<5r- 


AD-A286  642 

“  ™  _ ..... ....a  aiua  aim  aiaifl  ttii  ill! 


cm*  9659 

10  July  1961 


ON  THE  ANALOGY  TO  EXPLOSION 
OF  SUPERSONIC  FLO'  AROUND  BODIES 


o 


o 

<0 


„  DTiC 

^  LLiiCTE 

Ik  .^0  2  2  1994 


D 


By  M.  A.  Tsikulin 


-  USSR  - 


94-26297 


Distributed  by* 

OFFICE  OF  TECHNICAL  SERVICES 
TJ.  S*  DEPARTMENT  OF  COMICS 
WASHINGTON  2$,  Do  C0 


This  document  hat  been  approved 
tor  publ  c  release  and  sale;  its 
distribut  on  is  unlimited 


U*  S.  JOINT  PUBLICATIONS  RESEARCH  SERVICE 
1636  CONNECTICUT  AVE.,  K.  W. 
WASHINGTON  25,  D.  C* 


18 


05® 


* 


FOREWORD 

This  publications  was  prepared  under  contract 
by  the  UNITED  STATES  JOINT  PUBLICATIONS  RE¬ 
SEARCH  SERVICE,  a  federal  government  organi¬ 
zation  established  to  service  the  translation 
and  research  needs  of  the  various  government 
departments. 


t 


□□ 


- ~J~ - 

The  use  of  the  eoiut ion  to  the  .problem  of  a  force¬ 
ful  explosion  to  describe  the  departing  shock  wave  when 
a  stream  of  gas  flows  with  great  supersonic  speed  around 
bodies  gives  a  parabolic  form  of  the  front  ri~£J 

I 

r  */«  f  a  VA 

~  =  **c'  (v.) 

which  agrees  well  with  the  experimental  data  [z>t  4j. 

Here  d  end  vx  are  the  diameter  and  the  coefficient  of 
frontal  resistance  of  the  body,  z  and  r  the  distance  a- 
long  and  perpendicular  to  the  axis  of  the  body,  and  K.  the 
coefficient. 

But  the  numerical  value  of  the  coefficient  of  pro¬ 
portionality  ?,  obtained  experimentally  is  30#  greater 
than  that  according  to  the  precise  solution.  At  small 
velocities  of  the  flowing  stream,  and  likewise  at  &  remov¬ 
al  from  the  body  where  the  excess  pressure  in  the  wave 
Is  comparable  to  the  original  pressure  of  the  gas,  the 
form  of  the  front  la  still  not  parabolic. 

It  is  interesting  to  use  for  the  description  of  a 
leading  shock  wav9  the  experimental  results  obtained  in 
investigating  the  explosion  in  air  of  long  W  cord  charg¬ 
es  I5j.  The  characteristic  value  in  the  explosion  which 
defines  all  the  parameters  of  the  shock  wave  at  a  given 
distance  from  the  axis  of  the  explosion,  is  the  linear 
scale  of  a  cylindrical  explosion 


where  qp  is  the  energy  of  the  explosion  at  a  unit  of 
length  and  pg  the  initial  pressure  of  the  gas.  The  de¬ 
pendence  of  th9  excess  pressure  on  the  front  of  the 
shock  wave  /  p0  upon  the  dimensionless  distance  to 
the  axis  of  the  explosion  5  .  r/Jk  in  the  range  of  25  < 
^Jfo/Po  <  0*25  is  well  described  by  the  empirical  foriau- 
la 


» 
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In  comparing  the  experimental  results  for  the  para¬ 
meters  oi  pbock  waves  obtained  In  tb6  explosion  of  cylin¬ 
drical  7V  charges  and  these  for  flow  et  great  supersonic 
velocity  around  bodies  it  is  necesssrj  to  express  the 
equivrlert  energy  q^  end  the  characteristic  linear  scale 
of  a  cylindrical  explosion  >  by  the  parameters  of  the 
flowing  stream  end  by  values  characterizing  the  dimensions 
and  shape  of  the  body* 

The  equivalent  energy  cf  explosion  per  unit  of 
length  Is  proportional  to  the  full  force  of  the  frontal 
resistance  E 

qi  =  q£  (3)  | 


which  is  a  projection  of  the  forces  of  the  pressure  acting 
on  the  body  in  the  direction  of  the  flowing  current.  At 
a  great  supersonic  velocity  of  the  flowing  stream  the 
pressure  on  the  surface  of  the  body  determined,  with  an 
accuracy  acceptable  for  practical  purposes,  according  to 
the  Newtonian  formula,  la  proportional  to  coo2  0  (0  Is 
the  angle  between  the  normal  to  the  surface  of  the  body 
end  the  direction  of  the  flowing  stream).  In  this  case 
the  full  force  of  the  frontal  resistance  of  a  blunt-nosed 
rotating  body  is  expressed  by  the  formula: 

K  j 

E  -■  cos*  Or  Hr  =  cznRPpt, 

0 

where  R  is  the  greatest  radius  of  the  body  and  pg  is  the 
pressure  at  the  leading  point  of  the  body,  which  is  equal 
to  the  pressure  behind  the  forceful  shock  wave  p  a 
=s2p0V2/(  V+l)  on  account  of  increase  In  pressure  due 
to  stoppage  of  gas  on  the  section  from  the  front  of  the 
wave  to  the  surface  jsf  the  body.  In  this  the  precise 
factor  V'f-  l)2/4YjY/r~>  for  practical  purposes  does  not 
differ  from  the  factor  (  Y *t*  3)/4  which  is  obtained:  if 
the  gas  behind  the  front  of  the  shock  wav©  is  considered 
an  incompressible  fluid. 

Thus  we  get 
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and  further. 


*  *=  j&i-  p/*  -  MV 

«  -  MV** 

lr’> 

;  _  iA  ‘■**T(T  +  3) 

a  y  ---{/  n  +  -w.fi 

(V) 

In  these  formulas  V.  and  Ma  are  the  velocity  and 
Mach  number  of  the  flowing  stream;  Po»  fo  «nd  co  are  t^ie 
px*eesuret  density  and  speed  of  sound  In  an  undisturbed 
gas;  X  I*  the  ratio  of  the  individual  heat  capacities  of 
the  gas. 

The  coefficient  of  the  form  es  equals 


H 

<£  »  -Jr \ $(r)rdr  (8> 


The  coefficient  of  proportionality  y\  in  (3)  and 
(7)  between  the  energy  of  explosion  per  unit  of  length 
and  the  force  of  the  frontal  resistance  is  determined 
in  a  comparison  between  the  experimental  data  according 
to  the  explosion  and  according  to  the  supersonic  flow 
around  blunt-noBed  bodies. 


The  value  of  1/*^  acquire s  significance  relative 
to  the  propor*  nal  pressure  of  trinitrotoluene  explosion 
in  air. 


For  the  angle  of  inclination  of  the  front  of  the 
wave  to  the  axis  within  the  limits  of  applicability  of 
the  law  of  plane  sections  we  have  approximately 


di  _  J! 

di  -  at; 


<»> 


at  conditions  M2/k|  ^  1,  where  £  »  z/^  Isa  dimension 


less  distance  along  the  axis,  $  *  r/  X  a  dimensionless  j 
distance  along  the  perpendicular  to  the  axis  of  the  ex¬ 
plosion,  M  s  D/c0  and  2£a  s  V/c0  are  the  velocity  of  the 
front  of  the  shock  waveband  the  source  of  the  wave  related 
to  the  velocity  of  sound.  In  an  undisturbed  gas.  For  the 
front  of  the  shock  wave  we  have 

M  „  i/'+WlF^  v'TFifha)  (W 


Substituting  (10)  in  (9)  and  considering  §  s  0, 
if  i  x  0,  for  Ma  s  const  we  obtain  the  equation  for  the 
line  of  the  front 


£ 


*1 


«  j/ 1  +  1— /<*> 


(ii) 


Formula  (11),  when  (75  is  substituted  in  It,  ex¬ 
presses  the  law  of  similarity  of  the  flow  around  axially 
symmetric  bodies  with  the  blunting  obtained  by  G*  G. 
Cherniy  [lj  • 


The  table  presents  the  results  of  approximate  nu¬ 
merical  integration,  made  at  f(S  ),  given  by  the  empiri¬ 
cal  formula  (2). 


To  compere  the  leading  wave  In  the  experiments  on 
supersonic  flow  around  bodies  with  that  calculated  accord¬ 
ing  to  (11)  (see  Table)  the  data  in  the  literature  have 
been  extracted  [A,  6-10j*  In  these  works  they  investiga¬ 
ted  the  flow  of  a  stream  cf  gas  (air,  helium,  carbon 
tetrachloride  vapor)  with  Kach  numbers  from  5*8  to  22*6 
around  spheres  (c^  s  f)  and  cylinders  of  different  length 
with  a  hemispheric  (c-g  m  i)  and  plane  (eg  s  1)  leading 
part  (the  stream  parallel  to  the  axis  of  the  cylinder)* 

Comparison  showed  that  when  the  value  of  the  coef¬ 
ficient  ^  ■  2,0  *  0.2  so  that 

! 

<7i  *  (2.0  ±  0.2)  £ 


(3') 


G.Oo  I 
o  in  1 
n  it 


0.35  I 
0.46  » 
0.45  | 
0.50 
0.60 
0.70 
o.90  I 
0.90  ! 


0 

0.002 
0.010 
0.023 
0.040 
0.4)60 
0.082 
0.108 
0.133 
O.ifio 
0.  !9 3 
0  261 
0.330 
0.403 
0.478 


i  1.0 
1.1 
12 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 
1.9 
2.0 

2.5 
3.0 

3.5 
4.0 


0.555 
0.634 
0.714 
0.796 
.  0.879 
!  0.963 
1.047 
1.133 
1.219 
i  1.306 
!  1.383 
I  1.841 
f  2.288 
2.756 
i  3.249 


4.3  ! 

!  5.0 
;  5.5 
6.0 

6.5 
!  7.0 

7  i 

8.0  I 

8.5  ; 
9.0  ' 

.1  ®.5  • 
•jlO.O  ; 

ii  I 


3.705 

4.173 

4.643 

5.116 

5.5S2 

6.069 

6.546 

7.024 

7.502 

7.981 

8.461 

8.943 


excellent  agreement  of  the  shape  of  the  front  of  the  lead¬ 
ing  ware  is  observed  in  experiments  on  the  flow  around 
bodies  with  the  line  of  the  front  calculated  according  to 
the  data  for  the  explosion  of  a  cylindrical  W  Charge. 

In  Figure  1  the  continuous  line  shows  the  form  of  the 
front  according  to  (11)  (see  Table)  and  the  symbols  show 
the  fora  of  the  front  In  experiments  on  supersonlo  flow 
around  bodies.  For  bodies  with  a  herai spheric  tip  in  air 
y*  S  r  2.0  according  to  (7)  there  occurs  a  simple 

expression  for  the  linear  scale  of  the  cylindrical  explo¬ 
sion 


1  -  Mad 


where  d  1b  the  diameter  of  the  body.  The  coincidence  of 
the  experimental  data  indicates  that  other  parameters  of 
the  leading  wave  (pressure,  duration,  etc.)  can  alBO, 
within  the  limits  of  the  law  of  plane  sections,  be  cal¬ 
culated  according  to  the  formulas  for  the  shock  ware  of 
explosion  of  a  cylindrical  W  charge* 


Fig.  1.  Form  of  the  front  of  a  leading 
shock  wave.  I  -  according  to  the  explosion 
date  (Table  1)  ,  iz  *■*  parabolic  fora  of  the 
front.  Conventional  symbols:  1)  according 
to  the  data  for  the  explosion  of  cylindrical 
charges;  2)  according  to  ([43,  hemisphere** 
cylinder  in  air,  M  *  7.7;  3)  according  to 
£6J,  hemisphere -cylinder  in  air,  M  *  5.3; 

4)  according  to  [73  ,  with  end  forward, 

M  +  6.85;  5)  according  to  (XI,  hemisphere- 
cylinder  in  helium,  M  =  22,0;  6)  according 
to  Q?J,  hemisphere  in  air.  If  *  14.2;  7) 
according  to  fiol,  sphere  in  air,  If  *  8.1; 

8)  according  to  [lOj,  sphere  in  CC14 
vapors,  if  =  22.6. 


Comparison,  of  the  form  of  the  a'apc-c  wave  of  explo¬ 
sion  of  a  cylindrical  W  charge  with  the  parabolic,  form 
of  the  front  obtained  according  to  the  precise  solution 
for  a  forceful  oxplcMon  shove  that  in  the  zone  where  the 
Joria  cf  che  front  1b  close  to  the  parabolic  the  reeulte 
agree  well  In  the  rstlo  of  the  energy  of  the  W  explosion 
^1  &n<*  forceful  explosion  E0  per  unit  cf  length 

Qixa0.lt. 


A  similar  ratio  was  obtained  earlier  for  a  epherl 
cal  explosion  £5j.  Hence  for  the  force  of  the  frontal 
resistance  of  the  body  2  we  have 

ii«=0.35  E<s  h  * 


The  coefficient  it,  In  (A)  should  therefore  be  in¬ 
creased  (E^,/S)t  s  1*3  times,  which  agrees  with  the  experi¬ 
mental  data. 

At  a  considerable  distance  from  the  source  of  the 
explosion  the  shock  wave  obeys  the  asymptotic  laws  of 
propagation  first  obtained  by  L.  33.  Landau  £llj.  At  the 
present  time  there  exist  methods  of  calculating  the  In¬ 
tensity  of  a  shock  wave  remote  from  a  body  moving  at 
supersonic  speed  £l2J  *  On  the  score  of  application  foi‘ 
the  shock  wave  of  sn  explosion,  asymptotic  formulas  have 
been  obtained  In  £13*  143  in  a  very  convenient  form.  For 
a  cylindrical  explosion  they  can  be  substituted  in  the 
form 


*Pm  ^ _ _* _ 

A  vT  Vv%~  Vi 7 
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Tcos 
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where  A P  and  T  are  the  maximum  oxossb  pressure  behind 
the  wavefront  end  the  duration  of  the  phase  of  compresslox 
In  the  wave,  0  Is  the  Mach  angle  such  that  sin  0 
and  K  and  * *  are  constants  determined  from  the  experiment « 
As  a  result  of  establishing  a  connection  between  formulas 


(15)  and  (2)  the  f oliowing  values  of  the  asymptotic  coef¬ 
ficients  were  obtained: 

/.  -  0.4,  1,^0  5 


so  that  the  formulas  for  the  wave  in  air  ( 
the  fora 


•>  1.4)  take 


-0.7 


(15'). 


T- cost*  .=  0.88?' \  \  —0.7 
/# 


(18) 


Comparison  of  the  results  obtained  for  the  shock 
wave  of  an  explosion  with  a  ballistic  wave  has  been  made 
according  to  the  data  of  papers  fl3>  15J  in  which  the 
results  are  given  for  measurements  of  the  amplitude  and 
duration  of  a  wave  from  a  charge  moving  with  supersonic' 
Gpeed.  In  this  the  ratio  between  the  energy  of  the  equi¬ 
valent  cylindrical  explosion  and  the  force  of  resistance 
is  assumed  according  to  (31)  to  be  in  agreement  with  the 
results  of  the  comparison  of  the  experimental  data  accord¬ 
ing  to  the  fora  of  the  shock  wave  during  explosion  and 
during  supersonic  flow  around  bodies.  The  force  of  the 
resistance  was  measured  In  £13,3  by  its  authors  and  for 
a  given  work  [153  has  been  recalculated  with  the  data  of 
D-3J  according  to  a  known  velocity  of  movement  and  accord¬ 
ing  to  the  diameter  of  the  charge.  The  dependences  of 
(150  and  (160  are  represented  in  Figure  2  by  continuous 
lines.  The  duration  of  the  compression  phase  (Fig.  2) 

Is  assumed  to  be  half  the  time  interval  between  the  first 
and  second  front  of  the  N-wave. 

Comparison  shows  that  at  ratio  (3*)  the  parameters 
of  th8  ballistic  shock  wave  *.re  well  described  by  the 
asymptotic  formulas  for  the  shock  wave  of  an  explosion. 

Thus  the  experimental  results  obtained  for  the 
shock  wave  of  an  explosion  of  a  cylindrical  W  charge  are 
fully  utilizable  for  description  of  a  leading  shock  wave 


Fig.  2.  a)  dependence  of  pressure  on  the  front 
of  a  shock  wave  on  the  distance  given  according 
to  (15*) ,  o  “data  for  the  explosion,  +  -  data 
according  to  [l3j;  b)  dependence  of  the  duration 
of  the  compression  phase  in  the  shock  wave  on  the 
distance  according  to  (16’):  o  -  data  for  the 
explosion,  +  -  according  to  pL3],  x  -  according 


both  near  (in  the  case  oi  »,  blunt-nosed  body)  and  remote 
from  a  body  moving  with  supersonic  speed.  In  this  It  is 
necessary  tc  assume  ratio  (3 1 )  exists  oetv/o *n  the  energy 
(heat)  of  the  explosion  of  TV  per  unit,  of  length  and  the 
force  of  resistance  during  the  flight  of  the  body.  The 
j  mechanism  oi  formation  of  the  shock  wave  is  approximately 
i  the  same  both  in  the  case  of  explosion  of  a  W  charge 
and  in  that  of  flight  of  a  body  with  supersonic  speed?  in 
this  and  the  other  case  the  shock  vs ve  In  the  gas  is 
formed  \mder  the  action  of  a  rapidly  expanding  piston 
which  displaces  the  surrounding  gas  and  forma  the  shock 
wave  in  it.  In  the  case  of  an  explosion  the  products  of 
detonation  of  the  W  are  the  piston,  and  in  the  case  of 
flight  of  a  body,  the  body  itself.  Ratio  (3*)t  which 
turns  out  to  be  the  same  both  near  and  far  from  the  body, 
indicates  that  the  process  of  formation  of  a  shock  wave 
during  the  flight  of  bodioe  is  more  "ideal"  and  linked 
with  less  "useless"  losses  of  energy  than  In  the  propaga¬ 
tion  of  products  of  an  explosion. 
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